It is well established that elemental abundances vary in the solar atmosphere and that this variation is organized by first ionization potential (FIP). Previous studies have shown that in the solar corona low-FIP elements, such as Fe, Si, Mg, and Ca, are generally enriched relative to high-FIP elements, such as C, N, O, Ar, and Ne. In this paper we report on measurements of plasma composition made during impulsive heating events observed at transition region temperatures with the Extreme Ultraviolet Imaging Spectrometer (EIS) on Hinode. During these events the intensities of O IV, V, and VI emission lines are enhanced relative to emission lines from Mg V, VI, and VII and Si VI and VII and indicate a composition close to that of the photosphere. Long-lived coronal fan structures, in contrast, show an enrichment of low-FIP elements. We conjecture that the plasma composition is an important signature of the coronal heating process, with impulsive heating leading to the evaporation of unfractionated material from the lower layers of the solar atmosphere and higher frequency heating leading to long-lived structures and the accumulation of low-FIP elements in the corona. Subject headings: Sun: magnetic fields 1. INTRODUCTION Understanding how mass and energy flows through the solar upper atmosphere is one of the most complex problems in astrophysics. One important clue to understanding this process lies in the fact that the plasma composition is not constant throughout the solar atmosphere, but varies from feature to feature. These variations are organized by first ionization potential (FIP), elements with a FIP below 10 eV, such as Fe, Si, Mg, and Ca, are generally enriched in the solar corona, while elements with higher FIP, such as C, N, O, Ar, and Ne, have the composition of the photosphere (for a review of measurements and models see Laming 2015). The fact that this behavior depends on the first ionization potential suggests that the fractionation occurs in the solar chromosphere, where the high-FIP elements are neutral and the low-FIP elements are ionized.
INTRODUCTION
Understanding how mass and energy flows through the solar upper atmosphere is one of the most complex problems in astrophysics. One important clue to understanding this process lies in the fact that the plasma composition is not constant throughout the solar atmosphere, but varies from feature to feature. These variations are organized by first ionization potential (FIP), elements with a FIP below 10 eV, such as Fe, Si, Mg, and Ca, are generally enriched in the solar corona, while elements with higher FIP, such as C, N, O, Ar, and Ne, have the composition of the photosphere (for a review of measurements and models see Laming 2015) . The fact that this behavior depends on the first ionization potential suggests that the fractionation occurs in the solar chromosphere, where the high-FIP elements are neutral and the low-FIP elements are ionized.
Observations of high temperature, active region plasma indicate an enrichment of 3-4 for low-FIP elements. For example, Del Zanna & Mason (2014) , reanalyzed soft X-ray observations from the Solar Maximum Mission (SMM) and found an enrichment of about 3.2 in non-flaring active regions. Del Zanna (2013b) derived a similar value for the enrichment of low-FIP elements in active region emission using observations from the Extreme Ultraviolet Imaging Spectrometer (EIS) on Hinode. Warren et al. (2012) used EIS observations to measure the temperature structure of 15 active regions and found the relative intensities of high-FIP lines to be consistent with a coronal composition. Furthermore, these analyses found relatively narrow temperature distributions in the core of the active region near 3-4 MK.
Recent measurements in solar flares have generally indicated abundances that are much closer to that of the photosphere. Dennis et al. (2015) , Fludra & Schmelz (1999) , and Warren (2014) , for example, found enrichments of 1.66 ± 0.34, 1.4 ± 0.4, 1.17 ± 0.22, respectively, of high tempera-ture Fe lines observed in a large sample of solar flares. Sylwester et al. (2015) derived abundances close to photospheric for high temperature Si, Ar, and S lines observed during flares. In many of these studies the temperature distributions are observed to be very broad with a peak near 10 MK.
The differences in composition and temperature distribution between high temperature active region plasma and high temperature solar flare plasma suggest that they may be heated in different ways. One possible scenario is that active region loops are heated by frequent, small scale events that keep these loops relatively close to equilibrium. Individual flare loops, in contrast, could be heated impulsively and are always evolving. This would account for the differences in temperature distributions (narrow vs. broad) and the composition (coronal vs. photospheric), since it appears that the fractionation process takes several days to enrich the corona with low-FIP elements (e.g., Sheeley 1995; Widing & Feldman 2001) .
Unfortunately, not all of the observational evidence is consistent with this simple picture. Dennis et al. (2015) and Doschek et al. (2015) , for example, find that Ca is enriched at all times during flares. Sylwester et al. (2015) find evidence for a similar enrichment in K emission. Doschek et al. (2015) have even identified isolated regions in several flares where Ar emission is strongly enhanced relative to Ca.
It is clear that additional observations are needed to make progress on understanding the relationship between plasma composition and the coronal heating process. It has long been recognized that the transition region, the interface between the hot corona and the mass reservoir of the chromosphere, should provide important information. The complexity of the solar transition region emission and the high cadence, high spatial resolution, and broad wavelength coverage needed to observe it, however, have largely thwarted this approach.
In this paper we present the analysis of transition region emission observed with the EIS spectrometer on Hinode. At the EUV wavelengths observed by EIS, the transition region emission lines are weak. They can, however, be observed easily during intense heating events such as flares. We find that a Plasma emissivity as a function of temperature is shown in Figure 1 . Here we show the peak temperature (T * ), the number density at the peak temperature (n * ), and the emissivity computed for these parameters assuming a photospheric composition. Also shown for each ion are the FIP in eV and the logarithmic abundances relative to H (AH = 12). The photospheric abundances (Ap) are those tabulated by Caffau et al. (2011) . For coronal abundances (Ac) we approximate the tabulation of Feldman et al. (1992) by scaling the photospheric abundances of the low FIP elements by a factor of 4 and leaving the abundances of the high FIP elements unchanged.
during these events the observed intensities are generally consistent with a plasma composition close to that of the photosphere. For long-lived coronal "fans, " in contrast, the line intensities are more consistent with a coronal composition.
2. OBSERVATIONS EIS (Culhane et al. 2007; Korendyke et al. 2006 ) is a high spatial and spectral resolution imaging spectrograph. EIS observes two wavelength ranges, 171-212Å and 245-291Å, with a spectral resolution of about 22 mÅ and a spatial resolution of about 1 ′′ per pixel. Solar images can be made by stepping the slit over a region of the Sun and taking an exposure at each position.
Some information on the EIS emission lines of interest for this study is shown in Table 1 and in Figure 1 . These data are taken from the CHIANTI atomic database version 8.0.1 (Del Zanna et al. 2015; Dere et al. 1997) . As can be seen in the plots of plasma emissivity in Figure 1 , none of the transition region emission lines that can be observed with EIS are so well matched in temperature that we can use a simple line ratio to measure the composition, as was done with the Mg VI and Ne VI lines observed with Skylab (e.g., Sheeley 1995; Widing & Feldman 2001) . Instead, we will use a series of O, Mg, and Si emission lines to infer the general trends in the relative intensities between low and high-FIP elements.
In this paper we use the tabulation of Caffau et al. (2011) for the elemental abundances of the photosphere. For coronal abundances we approximate the tabulation of Feldman et al. (1992) by scaling the photospheric abundances of the low-FIP elements by a factor of 4 and leaving the abundances of the high-FIP elements unchanged. Adopting the abundances of Feldman et al. (1992) would imply changes in both the high and low-FIP elements in the corona, although the difference for the high-FIP elements would be relatively small. The rel- evant abundances are given in Table 1 .
For the emissivities shown in Table 1 and in Figure 1 we have assumed a constant total pressure of P = 2n e T e = 10 16 cm −3 K. To measure electron densities for our observations we use the Mg VII 280.737/276.153 (Landi & Young 2009 ) and Fe XIII 203.826/202.044 line ratios (Warren et al. 2010) . Note that almost all of the emission lines of interest have some amount of density sensitivity so estimating the density in the emitting plasma is an important component of the analysis.
Most of the emission lines selected for this study have been analyzed extensively and are known to yield consistent results (e.g., Landi & Young 2009; Brooks et al. 2009; ). Unfortunately, the two O VI emission lines in the EIS wavelength range, 183.937 and 184.117Å, are problematic. On the disk the observed 183.937/184.117 ratio differs significantly from theory. The strong wavelength shifts in the 183.937Å line suggest that it is blended (Landi & Young 2009 ). The observed intensity of the longer wavelength line is not consistent with other emission lines (e.g., ). As can be see in Figure 1 , O VI is needed to improve the overlap between the high and low-FIP transition region emission lines. For this study we scale the emissivity of O VI 184.117Å by a factor of 3.4 in all cases. Additional details on this line and the scaling factor that we have adopted are discussed in Appendix A.
Because of telemetry constraints, EIS observations are usually structured such that a only a subset of the full detector exposures are read out and telemetered to the ground. Since we require a large number of emission lines for this analysis we will focus on the EIS ATLAS studies that record the full wavelength range over an area of 120 ′′ ×160 ′′ on the sun using the 2 ′′ slit and 30, 60, or 120 s exposure times. These studies take between about 30 minutes and 2 hours to complete. Note that for these studies the slit is moved in 2 ′′ steps across the sun.
These Atlas studies have been run over 500 times and to identify interesting features we created a simple summary image for each observation. The summary images contain servation is reduced in the standard way using the SSW analysis routine eis_prep, which removes the CCD pedestal and dark current and flags dusty and hot pixels. The data are not calibrated at this step but converted to "photon events" or counts and are calibrated at a later stage in the processing. See Freeland & Handy 1998 for a description of the Solar Software -SSW -used in the analysis of these data.
In Figures 2-7 we show EIS rasters in selected lines computed by fitting Gaussians to the line profile of interest at every spatial pixel. For each observation we also show an AIA three-color image computed by superimposing the 211Å (red), 193Å (green), and 171Å channels (blue).
To co-align EIS to AIA we use a two step process to find the optimal spatial correlation between the two datasets. First we adjust the pointing provided in the EIS file headers using the results from the SSW analysis routine eis_aia_offsets. Second we convolve the EIS 195Å spectral region with the AIA 193Å effective areas and cross-correlate these intensities along the slit with the intensities in the nearest AIA 193Å image blurred to the EIS spatial resolution. This process yields the co-alignment for each exposure. Note that for some of the flare observations either the EIS or AIA observations are saturated at some positions and the co-alignment does not work well. We exclude badly saturated exposures from consideration in this analysis.
For each observation we have selected one to three bright features in the O V 248.456Å or Si VI 246.004Å rasters and computed spectra as a function of wavelength for these positions. These spectra account for the spatial offset of the two EIS detectors as well as the tilt of each detector with respect to the slit. See the SSW analysis routine eis_ccd_offset and the corresponding documentation for additional information.
The interpolated spectrum is computed using the data in units of counts and then converted to physical units using both the pre-flight calibration (Lang et al. 2006 ) and the revised calibration of Warren et al. (2014) , which includes time-and wavelength-dependent changes to the instrument sensitivity (see Del Zanna 2013a for an extensive discussion of EIS calibration issues). For this work we use the data calibrated using the Warren et al. (2014) effective areas. Additional comments on the calibration are provided in Appendix B.
Selected wavelength ranges from these spectra are shown in Figures 2-7. There are 12 spectra in total that we will consider here. Note that the dispersion for these spectra has not been optimized for velocity studies and any wavelengths shifts should be interpreted as instrumental in origin. Our primary focus here is on the interpretation of the line intensities.
We have used the co-aligned AIA observations to compute light curves for each EIS spectrum. Unsurprisingly, the bright transition region emission identified in the EIS data generally corresponds to either a transient heating event or a long, coronal "fan." The light curves for each of the transient brightenings are shown in Figure 8 . The light curves for the fans, which are not shown, are remarkably constant in the AIA data.
The final step in the data reduction is to fit the emission lines of interest in each spectrum with Gaussians so that the total line intensity can be computed.
3. ANALYSIS As mentioned previously, the low-and high-FIP emission lines observed with EIS are not so well matched in temperature that we can reduce the analysis to simple line ratios. Still, inspection of the individual spectra is revealing. For the fan loops shown in Figures 2, 3 is comparable to or larger than that of Si VI 246.004Å and O IV 279.933Å is generally as bright or brighter than Mg V 276.579Å. The spectra suggest that there are systematic differences in the composition of the transient events relative to the longlived coronal fans. To put this idea on a more secure footing, however, we must account for density and temperature effects.
As mentioned previously, almost all of the emission lines given in Table 1 have some degree of sensitivity to density. The emissivity of O V 248.456Å, for example, falls by about 25% between log n = 10 and log n = 11. To account for these effects we use the observed Fe XIII 203.826/202.044Å and Mg VII 280.737/276.153Å line ratios to infer the electron density. We assume that this emission is formed at the peak temperature of formation and convert these measurements to a total pressure. The pressures derived from these diagnostics are generally consistent to within a factor of two of each other, and we average them to arrive at a pressure for computing the emissivities for each line of interest in each spectrum. These measurements also follow our intuition that the pressure should be higher in strongly heated flare loops than in the fans. In the 2012 March 9 observations, for example, the pressure for the flare spectrum is derived to be log P = 16.8 while the pressure in the fan is observed to be log P = 15.9.
To investigate the temperature structure of the observed plasma we plot the emission measure (EM) loci curve for each line defined by
where I obs is the observed intensity and ǫ λ (T e , n e ) is the emissivity computed at a constant pressure. We carry out these calculations assuming both photospheric abundances (Caffau et al. 2011 ) and our approximation to the Feldman et al. (1992) ments left at their photospheric values. The EM loci curves can be interpreted as an approximate envelope to the differential emission measure distribution, which is the best-fit solution to the ill-posed integral equation,
It is important to note that an EM loci curve forms an upper bound to the emission measure that can explain the observed intensity. If one emission measure loci curve lies systematically above another, then the intensities of both lines cannot be described by the same emission measure distribution. Emission measure loci plots for many of the observations are shown in Figures 9 and 10 . These plots are consistent with the simple inspection of the spectra. In Figure 9 we show the EM loci for all of the observations of the fans. For each case we see that the observed intensities for the low-and high-FIP elements are more consistent with a coronal composition than with a photospheric one. In each case the intensities of the O lines cannot be reconciled with the intensities of the Mg V and Mg VI lines assuming a photospheric composition.
The EM loci plots for the transient heating events show the opposite trend. For these spectra we see that the intensities for the low-and high-FIP elements are more consistent with a photospheric composition than with a coronal one. In these cases the intensities of the O lines cannot be reconciled with the intensities of the Mg V and Mg VI lines assuming a coronal composition.
As a check on these trends we have also included EM loci curves for the S X 264.233Å line. S has an FIP of 10.4 eV and sits on the boundary between low-and high-FIP elements. Nevertheless, it has proven to be a useful diagnostic in studies of coronal outflows (e.g, Brooks et al. 2015; Brooks & Warren 2011) and in active regions (e.g., Baker et al. 2015; Del Zanna 2013b) . The observations of this coronal line are generally consistent with the interpretation of the transition region emission. The EM loci for S X is generally closer to those of the coronal Fe and Si lines assuming a coronal composition for the fans. For the transient heating events the observed S emission is generally more consistent with a photospheric composition, although there are some exceptions. We show EM loci plots for only 4 of the 8 spectra for the transient heating events. The remaining plots are very similar to what is displayed here.
As a final check on the interpretation of the spectra we have computed differential emission measure distributions for each spectrum assuming both coronal and photospheric abundances for the emissivities. We used the Monte Carlo Markov Chain (MCMC) emission measure algorithm (Kashyap & Drake 1998 , 2000 distributed with the PINTofALE spectral analysis package to solve Equation 2. This algorithm has the advantage of not assuming a functional form for the differential emission measure. The MCMC algorithm also provides for estimates of the error in the EM by calculating the emission measure using perturbed values for the intensities. These calculations are also consistent with our interpretation of the spectra and the EM loci curves. Again, for the fans the assumption of coronal abundances leads to smaller χ 2 values for the modeled intensities. For the heating events the assumption of photospheric abundances leads to smaller χ 2 values. The DEM calculations also point to the limitations of the EIS data for exploring this issue. For example, since there is no low-FIP line that has good overlap in temperature with O IV the DEM can be adjusted to match its observed intensity regardless of the assumed abundance. Also, since the emissivity of O VI has been adjusted it is useful to perform the DEM calculation without it. In this case a reasonable fit to the fan observations can be achieved for photospheric abundances if the DEM increases very sharply at around log T = 5.5. For the brightenings O VI plays less of a role in determining the structure of the DEM. In these spectra Mg V forms a lower bound to the DEM that is inconsistent with the observed O IV and O V emission if coronal abundances are assumed. These conclusions are evident from inspection of the EM loci curves and we have chosen not to display the DEM curves.
SUMMARY AND DISCUSSION
We have presented the analysis of EIS spectra observed during transient heating events. During these times the observed transition region emission is consistent with a photospheric composition. This is inferred from the strong intensities in O IV-O VI emission lines relative to Mg and Si lines formed at similar temperatures. The relative intensities for these lines in the fan loops are much different. In these locations the Mg and Si lines are strong relative to those from O IV-O VI. These trends are clearly reflected in the emission measure loci plots that describe the temperature structure of the plasma at these locations.
Our analysis suggests that the plasma composition could be an important signature of the coronal heating process. Plasma that is evaporated from the chromosphere by strong, impulsive heating, such as in a flare or jet may not show any enrichment in low-FIP elements. Coronal abundances may be a feature of plasma confined to long-lived structures, such as in the fan loops or the high-temperature emission in active region cores.
It is interesting to interpret these results in the context of abundance measurements at transition region temperatures in the quiet Sun. Analysis by Laming et al. (1995) and Young (2005) have indicated that the FIP effect is greatly reduced or even absent in the quiet Sun at transition region temperatures. In Appendix B we present some EIS quiet Sun spectra which also show a strong reduction in the FIP effect at transition region temperatures. These observations could be consistent with the idea that transition region emission is dominated by short-lived structures, the unresolved fine structures of Feldman (1983) , for which the abundances are predominately photospheric.
Unfortunately, a direct connection between the coronal heating process and abundance variations is only a conjecture at this point. More analysis is needed to fully understand how the composition varies from feature to feature and with time. Ideal observations would include many low-and high-FIP emission lines, very high spatial resolution, and high cadence. The Interface Region Imaging Spectrograph (IRIS, De Pontieu et al. 2014 ) can achieve the high spatial resolution and cadence needed to study the morphology and dynamics of transition region structures. Hansteen et al. (2014) , for example, have used IRIS observations to find evidence for highly variable, low lying loops at transition region temperatures. It is not clear, however, that IRIS observes enough low and high-FIP emission lines to infer the plasma composition for these structures. It is possible that coordinated observations between IRIS and EIS will provide useful information, but the mismatch in spatial resolution could be difficult to overcome. Progress on understanding abundance variations and their connection to coronal heating may need to wait for future instrumentation, such as the Marshall Grazing Incidence X-ray Spectrograph (MaGIXS, Kobayashi et al. 2011) or the EUV spectrograph proposed for Solar-C (Teriaca et al. 2012 ).
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APPENDIX O VI INTENSITIES IN THE QUIET SUN
In this section we discuss the intensity of the O VI 184.117Å line. Observations from O VI are needed to improve the overlap between the low-and high-FIP lines in the EIS spectra. In our analysis we have scaled it by a factor of 3.4 to bring it into agreement with the other emission lines formed at similar temperatures. Here we discuss the supporting evidence for this adjustment.
One way to examine the relative consistency of spectral data is to consider observations from the quiet Sun above the limb. Numerous observations have shown that the off-limb, quiet corona has a very narrow temperature distribution (e.g., Raymond et al. 1997; Feldman et al. 1998; Landi et al. 2002; ). This makes it easy to identify possible inconsistencies between the atomic data and the observed intensities.
To illustrate this type of analysis we use the 2007 November 4 off-limb observations presented by Warren et al. (2014) . These spectra were formed by averaging about 38 300 s exposures together. The observed intensities for the lines relevant to our study are shown in Table 2 . These intensities use the adjusted calibration of Warren et al. (2014) . In Figure 11 we show the emission measure loci and differential emission measure distribution derived from these intensities. The Fe and Si lines from ions formed relatively near log T = 6.1 all intersect close to a point, suggesting nearly isothermal plasma. The DEM is also relatively narrow with a Gaussian width of about 10 5 K. Here we have assumed that the DEM is Gaussian in shape. A similar result is obtained using MCMC.
When compared with the other lines used in this analysis, the intensity of O VI 184.117Å is too high by a factor of about 3.4. This is indicated by the EM loci curves shown in Figure 11 .
Some previous studies have identified problems in the analysis of the emission from Li-like ions such as O VI (e.g., Dupree 1972; Warren 2005) . However, many previous analyses of off limb spectra have successfully used the longer wavelength O VI lines to measure the composition of the corona (e.g., Feldman et al. 1998) . Muglach et al. (2010) O VI peaks at about log T = 5.6 and emission from this ion is observed in the corona because of the long tail on the ionization fraction. In the transient brightenings and flares that we observe we expect the emission from O VI to be formed much closer to the peak in the ionization fraction. We now turn to observations in the quiet Sun, where this also expected to be true.
The intensities of coronal emission lines in the on-disk, quiet Sun have been studied by Brooks et al. (2009) , who analyzed 45 full CCD observations taken during the 2007, solar minimum between solar cycles 23 and 24. This analysis provided insights into the temperature structure of the quiet corona and identified which emission lines and atomic data provided consistent results. It did not, however, consider emission at transition region temperatures, which is very weak in the quiet Sun.
We have taken several of the observations from the Brooks et al. (2009) study and constructed spatially and temporally averaged spectra. These spectra cover a region 90 ′′ × 90 ′′ in area with the 1 ′′ slit and 1 ′′ steps. Each exposure was 90 s in duration. This accumulates to about 7.3 × 10 5 s of observing. Two of these quiet Sun spectra are shown in Figure 12 . We have fit all of the relevant lines with Gaussians and computed calibrated line intensities. The Fe XIII and Mg VII ratios are used to compute electrons densities and total pressures, which are much smaller than those observed in the active regions. The EM loci curves are shown in Figure 13 and are consistent with the simple inspection of the spectra. The EM loci computed assuming photospheric abundances are more consistent than those computed assuming a coronal composition. Even for photospheric abundances, however, there is an offset between the O and Mg lines. The Mg lines are very weak and it difficult to assess the uncertainties in the intensities.
The EM loci for O VI using both the computed emissivity from CHIANTI and the scaled emissivity are shown in Figure 13 . It is clear from these plots that without the application of some sort of adjustment the O VI 184.117Å line is not in agreement with the other O lines or the Mg and Si lines. Scaling the emissivity for this line by a factor of 3.4 makes it more consistent with the EM loci curves for the other O lines.
APPENDIX THE EIS CALIBRATION
The relative calibration of EIS is an important component of this analysis. Del Zanna (2013b) noted that some temperature and density insensitive line ratios that involved the long and short wavelength detectors were not in agreement with theory. The Fe XXIV 192.04/255.10Å ratio, for example, should be 2.5 but was observed to be above 4 and changing with time. Del Zanna (2013b) and Warren et al. (2014) proposed modifications to the pre-flight calibration that attempted to reconcile the available atomic data and the observations. Warren et al. (2014) fit the time-dependent trends in the effective areas with exponentials, which allows them to be extrapolated to the more recent observations that we have analyzed here.
We have fit the Fe XXIV lines in each spatial pixel for both the 2015 June 21 and 2015 March 11 observations. Taking care to avoid spectra for which the 192.04Å line is saturated, we find median ratios of 2.61 and 2.51 using the revised calibration, which is in agreement with theory. The pre-flight calibration yields ratios of 4.8 and 4.7.
A similar analysis of the Fe XIV 274.203/211.316Å branching ratio in these observations yields less satisfactory results. The theoretical ratio from CHIANTI is 0.52. Using the pre-flight calibration we obtain ratios of 0.19 and 0.18. Applying the revised calibration yields ratios of 0.78 and 0.79, which are about 50% too high. Inspection of the EM loci curves for the recent observations presented in Figures 2-7 indicates generally good agreement between the long and short wavelength lines. For example, Si VII 275.368 and Si X 258.375Å are generally in good agreement with the Fe lines formed at similar temperatures. This suggests that the evolution of the EIS effective area near 211Å is not being properly accounted for in the revised calibration. Additional work is underway to evaluate and correct this problem. Multiplying it by the factor of 3.4 derived from the off-limb spectra brings it into closer agreement with the other O lines. the solid green line is the emissivity as calculated from CHIANTI.
